This paper evaluates the impacts of climate change on agricultural droughts in the Zambezi River basin. The Standardised Precipitation Index (SPI) is used to estimate drought occurrence and severity, historically and in the near future (2064)(2065). Outputs of three downscaled and bias-corrected Global Circulation Models (GCMs) under the A2 emissions scenario are employed to evaluate the impact of climate change on future droughts in the basin. Based on the three GCMs it is anticipated that the basin will experience a generally increasing but minimal trend in precipitation in the range of 0.3% to 12%, with increased normal conditions and the possibility of a lower frequency of occurrence of severe to extreme drought events. The study also reveals that there is uncertainty associated with the GCMs as to the magnitude and direction of change of the basin's response to future climate change.
Introduction
It is now considered common knowledge that the global climate is changing and that many of the impacts will be felt through water resources (Chiew et al., 2009) . Extreme events such as floods and droughts are among the major natural disasters that cause a lot of human and environmental suffering. Droughts are widespread in nature and can significantly impact the socio-economic status of an entire region (Sharma et al., 2009, Madadgar and Moradkhani, 2013) . The southern African region is already prone to droughts due to inherent climatic variability and if predictions are correct then climate change will amplify the impacts that are already being felt in the region. To avoid the impending threats, it is important to consider the impacts of drought under the context of a changing climate particularly in basins where most livelihoods depend on rain-fed agriculture.
Compared to floods, droughts develop slowly, they creep in with time and can only be recognized once people and the environment start to feel their impact (VicenteSerrano and Lopez-Moreno, 2005). Droughts are regarded as non-events since it is impossible to determine with any precision their onset and their cessation. It may be difficult to avoid droughts, but their impacts can be averted through an understanding of their nature and occurrence. Appropriate and timely interventions to the devastating impacts of droughts therefore call for monitoring tools that are able to identify the intensity, duration and spatial extent of a drought event (Smakhtin and Hughes, 2004) .
Defining a drought is complicated by the fact that droughts are spatially and temporally variable, regionspecific, context-dependent, and they also occur with varying degrees of intensity, whilst their cumulative effect makes it difficult to identify their start and end (Quiring and Papakryiakou, 2003) . A simplified definition of drought is that, it is a recurrent and natural climatic event caused by a deficiency in precipitation compared to the long-term average rainfall (Kundzewicz, 1997; Pandey et al., 2007) . Because of their specific nature, and the time scale over which precipitation deficits prevail, droughts have been grouped into four main categories, namely; meteorological, agricultural, hydrological and socioeconomic (Heim, 2002) . These different droughts are, however, closely linked and interact with each other through the soil moisture variable (Tang and Piechota, 2009 ) and they can also be related to their impacts.
Drought indices are used as the operational definitions that detect and characterise a drought using three major attributes; duration, severity and intensity. The most commonly used indices include; the Standardised Precipitation Index-SPI (McKee et al., 1993), the Palmer Drought Severity Index-PDSI (Palmer, 1965) , the Crop Moisture Index-CMI (Palmer, 1968) ; the Surface Water Supply Index-SWSI (Shafer and Dezman, 1982) and the Soil Moisture Drought Index-SMDI (Hollinger et al., 1993) .
Global Circulation Models (GCMs) are used to project future climate conditions and through impact models the results are used to evaluate the climate change impacts on water resources and agriculture. Based on coupled landatmosphere-ocean interactions and through the use of well known physical principles and different parameterisations GCMs simulate the response of the earth's climate system to the current and future greenhouse gas concentrations (Xu, 1999; Christensen et al., 2007) . Climate scenarios are used as means of assessing the sensitivity of the global system to climatic changes. A set of emission scenarios are currently available (Nakićenović et al., 2000) and these are transformed into greenhouse gas concentrations which are then used to project the climatic responses within the GCMs (Giorgi, 2005) .
In this study the SPI is used to assess and characterise the historical and future drought events in the Zambezi River basin. A comparison of the historical and future droughts is carried out to assess the climate change impacts on future droughts in the basin. The climate change scenarios of precipitation are derived from outputs of three downscaled and bias corrected GCMs namely IPSL, GFDL and ECHAM. The historical period of and the near future period of 2046-2065 are considered.
Study Area and Data
Covering an area of about 1 360 000 km 2 the Zambezi River traverses a total length of 2 750 km from source to its mouth in the Indian Ocean. Much of the basin's drainage area is within south-central Africa and eight countries are riparian to the basin namely; Angola, Botswana, Malawi, Mozambique, Namibia, Tanzania, Zambia and Zimbabwe. About 30 million people reside in the basin and the livelihoods of majority (about 70%) are based on rain-fed agriculture. This data set is a compilation of local data which are homogenised through an iterative procedure. In this study the data were validated against locally observed data for those areas where the local time series data were of longer periods (˃30 years). The advantage of this data set is that it has a finer resolution with no missing data gaps and thus capable of providing a consistent regionalised overview of the basin. To project the basin's response to future climates three GCM (ECHAM, GFDL, IPSL) model outputs for the A2 emissions scenario are considered. The 
The Standardised Precipitation Index
The Standardised Precipitation Index (SPI) used in this study was developed by Mckee et al. (1993) . The index transforms precipitation into normalised numerical values that can be used to define and compare drought conditions in different areas. Its main advantage is that it can be calculated over different time scales and it can therefore distinguish between droughts of different durations and for different seasons. SPI is the number of standard deviations by which the cumulative precipitation over the specified duration deviates from the long-term mean for a normally distributed random variable and it is defined by the equation:
where, i x is the precipitation of the selected period during the year i, x and  are the mean and standard deviation for the selected period.
The SPI gives a good and reliable estimate of the magnitude, intensity and spatial extent of droughts and because it is normalised, it can be used with equal success at various locations and in addition wet and dry conditions can be presented in the same manner. SPI captures the severity of dry and wet spells and quantifies the precipitation anomalies as a single numeric value. Unlike other drought indices, SPI is less cumbersome to use because it only requires a single input data series of long term precipitation (Smakhtin and Hughes, 2004) . The fundamental strength of SPI over other indices is its versatility of use at different time scales (3, 6, 12 and 24 months) thus allowing various types of drought to be monitored. Because it is based on normalised data, the SPI is spatially invariant and can be used in different regions (Guttman, 1998 
where y, is the response variable or the accumulated rainfall and  is the transformation parameter.
Droughts are categorised using the classification scheme shown in Table 1 . Positive SPI values indicate above average precipitation while negative values indicate below average precipitation. A drought event occurs when the SPI is continuously negative (≤-1.0) and it ends when the SPI becomes positive. 
Bias Correction for the GCM Rainfall
GCMs are mathematical representations of atmospheric, oceanic and continental processes and the interactions that take place between these processes (Christensen et al., 2007) . However there is uncertainty linked to the GCMs that emanates from the highly complex nature of the models, limited knowledge of the processes involved and the subsequent parameterisations (Nobrega et al., 2011) . Because of these uncertainties some biases exist in the simulation of both temperature and precipitation for the baseline conditions such that there is wide variation between the baseline and the historically observed variables of climate. Such biases are illustrated in Figure  3 where a seasonally varying bias is observed between the GCM baseline estimates of rainfall and the historical CRU TS2.1 rainfall time series for the period 1961-2000. In order to remove the bias, a bias correction approach is applied to both rainfall and temperature. This step is essential if the climate scenarios are to be used for impact assessment, otherwise the results obtained will be meaningless in view of solving practical water resource problems in the future (Green et al., 2006). In this study standard deviates based on square root transformed monthly rainfall data were applied to convert the future monthly rainfall into standard deviates of the baseline monthly rainfall distribution and given below.
where:
FRC ,i = Future rainfall after correction for month i and calendar month j in the time series of GCM k. SFR i = Square root transformed future rainfall for month i and calendar month j in the time series of GCM, k. SBRM j = Mean of the square root transformed baseline rainfalls for GCM k and calendar month j. SBRSD j = Standard deviation of the square root transformed baseline rainfalls for GCM k and calendar month j. SWRM j = Mean of the square root transformed CRU rainfall for calendar month j. SWRSD j = Standard deviation of the square root transformed CRU rainfalls for calendar month j.
The standard deviates are then rescaled using the distribution statistics of the historical rainfall data to obtain a corrected future rainfall time series. This process is aimed at ensuring that the future rainfall conditions are related to the historical distribution statistics while at the same time maintaining the differences between the baseline and future scenarios. The bias corrected outputs of the three GCMs are illustrated in Figure 3 . It is evident that the seasonal distributions of the baseline rainfall outputs of the GCMs are not fully representative of the historical rainfall. The GCMs over-and under-estimate the historical rainfall, the wet season rainfall months of September to November are overestimated and the months December to March are under-estimated while the dry season months are consistently over-estimated. It is noted that the baseline distribution amounts for ECHAM and IPSL are closer to the historical amounts while there is a big discrepancy for the GFDL model both for the wet and dry season months. The bias corrected outputs produce improved seasonal distribution patterns that are closer to the historically observed rainfall with little change in the future.
Results

Historical Drought Analysis
It is important to have knowledge of past historical events since these are the basis against which future changes can be assessed. The SPI results for both the OND and JFM seasons are depicted in Figure 4 . A general trend of occurence of agricultural drought events is observed across the entire basin during the years; 1963-67, 1970-72, 1981-82, 1987,1989,1992,1993, 1994-1996 and 1998 . Table 2 and Figure 5 represent the temporal variation and severity of droughts that occurred in the basin during 1901-2002. Annual, decadal and multidecadal droughts were experienced in various areas of the Zambezi basin. In terms of severity and spatial extent the years 1948, 1972 and 1994 were the most common extreme drought years during the century long period. Kabompo 1921 , 1930 , 1932 1972 ,1981 , 1994 Upper Zambezi 1918 , 1942 , 1976 , 1995 1914 , 1945 Luanginga 1948 , 1972 , 1982 ,1985 , 1995 1904 , 1981 , 1984 ,1994 Barotse 1902 , 1915 , 1923 , 1930 ,1964 1972 ,1981 , 1994 Lake Kariba 1915 ,1923 , 1945 , 1982 , 2001 1972 ,1981 , 1994 Kafue 1921 , 1929 1923 ,1972 ,1991 , 1994 Luangwa 1902 , 1913 , 1926 , 1943 , 1967 , 1972 , 1991 1923 , 1948 Lake Malawi 1911 ,1927 , 1943 , 1953 , 1959 1948 Tete 1941 , 1967 1911 , 1946 , 1948 , 2000 Zambezi Delta 1915 , 1936 , , 1967 , 1982 1909 , 1911 , 1948 1904  1907  1910  1913  1916  1919  1922  1925  1928  1931  1934  1937  1940  1943  1946  1949  1952  1955  1958  1961  1964  1967  1970  1973  1976  1979  1982  1985  1988  1991  1994  1997 
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Future Scenarios of Change in Rainfall
The near future (2046-2065) changes in rainfall as a result of climate change are examined based on the percentage differences between the downscaled and bias corrected future rainfall and the historical rainfall . Figure 7 depicts the future and historical mean monthly rainfall distributions for some example sub-basins. The results show that seasonality is largely preserved and there are no indications of a shift to an earlier or later wet season. The GFDL model, however, seems to suggest a change from a unimodal to a bimodal rainfall pattern for the Kabompo, Upper Zambezi and areas around Lake Malawi. Basin-wide the seasonal changes in precipitation are more pronounced for the wet season months of December to April and there is almost no notable change throughout the dry season (May to September). All three GCM predictions indicate no substantial changes in the near future rainfall. Predictions by ECHAM range from -0.3 to 5% and the IPSL model predicts changes in the range of 2 to 6.5%. The GFDL model records the largest increase with changes in the range of -0.5 to 12% ( Figure  8 ). Even though the dry season rainfall is simulated to increase the change is still very close to the zero line (no rainfall) which characterises the historical pattern of the dry season in the Zambezi basin. These increases do not contribute to the overall changes in rainfall across the basin. 
Climate Change Impact on Future Droughts in the Zambezi River Basin
The SPIs generated from the near future rainfall conditions are illustrated in Figure 9 . The first half of the near future period 2046-2065 is expected to experience above normal conditions (SPI ±0.99) while severe to extreme droughts are anticipated after the year 2058. The frequency and severity of occurrence of future drought events is assessed relative to the historical events and presented in Figure 10 . The severities are classified as, N: normal, MD: moderately dry, MW: moderately wet, SD: severely dry, VW, very wet, ED: extremely dry, EW: extremely wet. Using the case examples, the prevalence of normal conditions is expected on average to rise through a range of ±20%, across the basin. Moderate and severely dry conditions are generally simulated to increase but only by small margins that may not exceed 10%. It is observed that normal conditions are likely to prevail 70% of the times suggesting that the soil moisture conditions may also remain normal most of the time in the near future. The implication of such soil moisture conditions is that they may be able to sustain the basin's crop yields thereby preventing the occurrence of agricultural droughts. However, extra caution has to be taken as the basin's needs change from time to time (e.g. due to population increase and other developments).
Conclusion
This study gives insight into the future climate change impacts on droughts in the Zambezi River basin. Drought analysis under future climate conditions was implemented for the arid to semi arid basin in which the majority of the population relies on rainfed agriculture for livelihoods.
The Standardised Precipitation Index was employed to assess the drought characteristics in the basin. Based on SPI6, the basin has experienced recurrent historical drought events during the period 1901-2000. The SPI3 showed some seasonal variability in droughts during the agricultural season. Decadal variability was also observed for the two time scales. The potential climate change impacts on future droughts events were evaluated using three GCM outputs under the A2 emissions scenario. The timing of the seasons is expected to remain the same in the near future and overall no substantial changes in rainfall are expected across the basin. Findings of this study indicate that the basin is not likely to experience more severe and extreme drought events, rather, the near future conditions will remain normal 70% of the time thereby suggesting no evidence of any marked impacts of climate change on rainfall or that the changes are too small compared to the basin's natural variability. It should also be noted that quantifying the impacts of climate change is, however, made difficult due to some uncertainties associated with data and the models used for climate scenarios, as such there was no consensus among the GCMs as to the magnitude and to some extent in the direction of the projected rainfall events in the near future. Inspite of this it is still important that future climate change predictions be made for purposes of planning and for the sustainable management of water resources. 
